The usage of this PDF file must comply with the IEICE Provisions on Copyright. The author(s) can distribute this PDF file for research and educational (nonprofit) purposes only. Distribution by anyone other than the author(s) is prohibited. SUMMARY Amplification characteristics of the signal and the noise in the semiconductor optical amplifier (SOA), without facet mirrors for the intensity modulated light, are theoretically analyzed and experimentally confirmed. We have found that the amplification factor of the temporarily varying intensity component is smaller than that of the continuous wave (CW) component, but increases up to that of the CW component in the high frequency region in the SOA. These properties are very peculiar in the SOA, which is not shown in conventional electronic devices and semiconductor lasers. Therefore, the relative intensity noise (RIN), which is defined as ratio of the square value of the intensity fluctuation to that of the CW power can be improved by the amplification by the SOA. On the other hand, the signal to the noise ratio (S/N ratio) defined for ratio of the square value of the modulated signal power to that of the intensity fluctuation have both cases of the degradation and the improvement by the amplification depending on combination of the modulation and the noise frequencies. Experimental confirmations of these peculiar characteristics are also demonstrated. key words: semiconductor optical amplifier, intensity noise, RIN, intensity modulation, S/N ratio
Introduction
The semiconductor optical amplifier (SOA) has been in use and its operating mechanism and properties have been investigated by many authors [1] - [18] . Important properties of an amplifier are the amplification factor, the operating power and the noise. In most electronic and optical devices, the amplification factor or the operating range is reduced in the higher frequency region for the modulated signal. Also, the signal to the noise ratio (S/N ratio) or the relative intensity noise (RIN) for the signal is degraded after passing an amplifier, because both the signal and the noise are amplified and additional noise are generated in the amplifier.
However for the SOA which does not have the facet mirrors, several authors have theoretically predicted that the inputted optical signal can reveal the larger amplification factor for the higher modulation frequency than the lower modulation frequency [15] , as well as the RIN can be reduced by the amplification [6] , [7] , [17] . These peculiar operating characters are opposite to those in conventional elec- tronic amplifiers and semiconductor lasers, but are seemed not popularly be known yet. One reason of this less popular knowledge may come from the fact that method of theoretical analysis has not been fixed yet, resulting in difficulty to point out clearly the dominant cause or mechanism to generate above mentioned peculiar operating characteristics. If a SOA consists of two facet mirrors at the input and the output ports, the spontaneous emission can be counted in terms of the longitudinal modes, given with standing waves formed by the two facets mirrors similar as in the semiconductor lasers [1] . For the case of the SOA without facet mirrors, the optical wave is given with propagating traveling wave without boundary condition along the longitudinal direction. Then, almost authors have supposed that sources for the spontaneous emission are spatially localized point sources and should have continuous spectrum. However, the idea of the photon has to be defined together with definition of the mode whose spatial distribution should be well defined with discreet angular frequency in principle.
In the previous paper in Ref. [17] , one of current authors proposed a model in which a periodic boundary condition with length L f is supposed to define longitudinal modes for the spontaneous emission. In the space within length L f , a single zero-point energy can exist for each longitudinal mode. Then, we can relate L f with emission rate of the spontaneous emission and count up quantitatively total photon number and amount of the Langevin noise sources giving fluctuations on the photon and the electron numbers.
The RIN is defined as a ratio of auto-correlated value of the fluctuated component to square value of the continuous wave (CW) component of the photon numbers. We have theoretically shown and experimentally confirmed that the RIN becomes reduced after amplification by SOA when the optical power is sufficiently large enough [17] , [18] . This peculiar property comes from the fact that temporal fluctuation of the electron density has inverse vibrating phase with that of the photon number, resulting in less amplification for the fluctuated photon number. Let us call this effect to be "expulsion effect" here. This expulsion effect does not influence on the CW component which have no temporal variation. Thus the RIN can be improved by the amplification.
Generating question is how is for the intensity modulated light? When the input signal is given with intensity modulated light, the S/N ratio should be defined for ratio of square value of the modulated component to auto-correlated value of the fluctuated component. Because both the modulated and the fluctuated components suffer the expulsion
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In this paper, we theoretically analyze and experimentally confirm amplification properties of intensity modulated light in the SOA having no facet mirror. Amplifications of the CW, the modulated and the noise components are analyzed and are represented in terms of the RIN and the S/N ratio.
This paper is organized as the followings: In Section II, model and basic equations of this analysis are introduced. In Section III, the optical power and the electron density are decomposed to the CW, modulated and fluctuating components. The model and calculating manner are almost same as in Ref. [17] , but the treatment is extended to include the intensity modulation for the imputed light. In Section IV, numerically calculated data are given. In Section V, experimentally measured data are presented and compared with numerically calculated data. In Section VI, conclusions are listed.
Model of Theoretical Analysis
Structure of the SOA is illustrated in Fig. 1 . Inputted light propagates along z direction. Length of the amplifier is L 0 , width and thickness of the active region are w and d, respectively, facets for the input and the output are anti-reflection coated to prevent the reflections. Field distribution in x − y transverse cross-section are supposed to be stable fundamental modes.
In the beginning, we suppose a length L f in which a longitudinal mode for the traveling wave of the amplified spontaneous emission (ASE) is defined with a periodic boundary condition as
where m is the mode number, β m is the propagation constant, ω m is the angular frequency, λ m is the wavelength and n eq is an equivalent refractive index characterizing the propagation speed v m of the field as
The photon and photon number S m are defined in the given space with L f . Variation of the photon number is derived from the Maxwell's wave equation with suitable quantum mechanical modification as [17] 
where g m is the gain coefficient, κ m is the guiding loss coefficient and F m (t, z) is the Langevin noise source. Here, the gain coefficient g m consists of two parts for the optical emission g em and the optical absorption g am , corresponding to the electron transition from the conduction band to the valence band and that from the valence band to the conduction band, respectively.
Since electron transition from the conduction band to the valence band is given with v m g em (S m + 1) as summation of the stimulated emission and the spontaneous emission, inclusion of the spontaneous emission is introduced in form of v m g em in (3). The carrying optical power P m (t, z) by propagation is related with the photon number through stored optical energy in the space as
Then, a dynamic equation for the carrying optical power P m (t, z) is derived from (3) as
Here, we examine the supposed length L f based on property of the spontaneous emission. The spontaneous emission is generated by existence of the zero-point energy of the optical field, and never duplicated in the defined space at the same time for each longitudinal mode. Time period of the spontaneous emission in a mode is 1/v m g em . During this time period, the field propagates the length L f with velocity v m . Then we get a relation of
Three dimensional volume V f in the active region corresponding to the supposed length L f is
Therefore, variation of the electron density n in the defined volume V f is given as [17] d
where τ is the electron lifetime, e is the elementary charge, V 0 = wdL 0 is full volume of the active region in the SOA, W(t, z) is another Langevin noise source for the electron number nV f . In our analytical model, the SOA is made of InGaAsP system having a quantum well structure in the active region. Then, gain coefficient g m shows a saturation phenomenon for the increase in the electron density n. We experimentally examined the gain coefficient in a device and found an approximated function by making best fitting to the experimental data as
where ξ is a field confinement factor into the active region, n g is the transparent electron density, a m and b m are coefficients characterizing the gain. The term g am for the electron transition from the valence to the conduction bands is given by putting n = 0 in (10) as
Here, we should note followings in our model: Although each longitudinal mode of the traveling wave is defined with discrete angular frequency ω m or wavelength λ m as given in (1), experimentally measured optical spectrum of the amplified spontaneous emission (ASE) must form continuous profile because each mode show a spectrum broadening caused by temporal variations in both the intensity and the phase. The inputted optical light can be adjusted with one of the longitudinal mode, m = s, by suitable selection for locating position of the defined space with L f . Therefore, orthogonal properties among the inputted optical light (m = s) and the ASE modes (m s) are thus guaranteed.
Amplification for The Intensity Modulated Light
We introduce here intensity modulation of the optical power with frequency f M = Ω M /2π for the input signal light of m = s and note modulated components with suffix M. The CW components are indicated with¯and the fluctuated components are expanded with angular frequency Ω . The noise generating terms are expressed as
The optical power, the electron density and the gain coefficients are, then, expanded with CW, modulated and fluctuating terms such as
where,
We should note here that amplitude of the modulated light is 2|P M (z)| and the modulation index M i is defined as
Although all other ASE modes (m s) have possibility to be modulated through the modulated carrier density n M , we suppose that this modulation of ASE modes is weak enough.
By substituting above equations to (6) with (7), we get spatial changes of the CW, the modulated and the fluctuating terms as
for m s,
Similarly by substituting to (9) with (8), we get three equations for the electron density;
Objectives of our calculation are to follow variations of
the propagation in the SOA. Although variations along the propagation will be achieved with numerical integrations, we need more manipulation of equations to be substituted in (21)-(24). From (26), we get equations of
By substitution of (26) to (23), we get
and
Similarly by substitution of (27) to (24), we get
The terms F mΩ and W Ω in (27) and (32) are seeds of the noise called the Langevin noise sources. Although direct determinations of these terms are difficult, we can evaluate whose auto-correlated and cross-correlated values by summing up all dynamics of photons and electrons in (3) and (9) such as [17] ;
Since we defined the all longitudinal modes to satisfy the orthogonal relation as given by (1), the Langevin noise sources have no mutual correlations among different modes. Hence, we can suppose that mutual correlations for power fluctuations among different modes are zero, although they might have small correlation through the fluctuation of n Ω ,
Then power fluctuation ⟨ P
2 Ω ⟩ for the total modes is given with summed value of the power fluctuation of each mode as
Although almost theoretical analyses of the SOA by other authors postulate to take into account the so called "beating noise" caused by mutual interactions among the ASE modes and the signal modes, we need not take into account the cross terms among the modes because the orthogonal relations are guaranteed in our model. To apply these relations in the optical power fluctuation, we reform (32) to following three equations by multiplying P * mΩ , W * Ω and F * mΩ , respectively :
Since calculating the terms ∂W * Ω /∂z and ∂F * mΩ /∂z are difficult, we approximate as follows
We perform numerical integration from z = 0 to z = L 0 , along the propagation for all components ofP s ,P m , The initial conditions at z = 0 arē
Three types of the amplification factor are defined in this paper based on treating components, such as
for CW signal mode, (49)
for CW total mode, (50)
Here, suffix total means to detect all modes including the ASE modes, and signal means to pick up only the signal mode m = s by inserting an optical filter. The RIN is defined for CW power and the S/N ratio is for the modulated term as
Numerical Calculation
The SOA model for numerical calculation is made of InGaAsP system. We suppose that the half width of the ASE profile is ∆λ, the gain coefficients g m and the spontaneous emissions g em are almost identical within the range of ∆λ such as
and g em are zero for other modes outside of ∆λ.
We put here that number of modes taken into account as the ASE modes is X given by [17] 
where two directions of the electric polarization are counted in (58) and one mode is subtracted as the signal mode. Then the terms to count the ASE modes are simply rewritten as 
where m s, (60)
where m s. (61) Used parameters in the numerical calculation are listed in Table 1 . We numerically determined variations of each value in the SOA along z direction and obtained values at z = L 0 . Calculated examples of amplification characteristics for modulation frequency f M are shown in Fig. 2 , where (a) is for the amplification factors and (b) is the modulation index. Solid lines in (a) indicate the CW components for total modes including the ASE, broken lines indicate the CW components for the signal mode and dotted lines indicate the modulated components. The modulated component is obtained only for the signal mode, because the modulation is given only on the signal mode not other ASE modes. The driving current of I = 100 mA and the modulation index of (M i ) in = 0.1 for the input light are suggested. The reason why we suggest the small modulation index M i is that we are adopting a small signal approximation as defined in (14) without introduction of the nonlinear effects due to large signal amplitude.
As shown in Fig. 2(a) , the amplification factors for CW components do not vary with f M , and show slight difference between the total modes and the signal mode when input optical powerP in is lower than 100 µW but are almost identical whenP in ≥ 1mW. This situation means that included ASE power is lower than 100 µW. Figure 2 (a) also tells us that modulated components are less amplified than the CW components especially in the lower frequency region, and can approach to the values of the CW components in the higher frequency region. This type of amplification characteristic may be the most unique feature of the traveling wave type optical amplifier never observed in the semiconductor lasers and the electronic amplifiers.
Cause of the reduction of the amplification factor in the low frequency region comes from temporal variation of the electron density n M . We find a term given as g ′ s 2v s ℏ ω mḡes n M in (23) and also find vibrating phase of n M is inverse to that of P M as given in (26). Then amplification of P M is suppressed by the term of g ′ s 2v s ℏ ω mḡes n M in (23). However, we can not find comparing reduction term in the CW amplification given in (21).
We call this reduction effect to be repulsion effect in this paper. This repulsion effect remains in (31) and tells us that releasing condition from this effect is
The longer electron lifetime τ and the lower operating power P s are better for the wider frequency range of modulation. This property is completely inverse that of the direct modulation in the semiconductor lasers. When inputted optical powerP m increased from 100 µW to 10 mW, the difference of the amplification factors between CW and Modulated components becomes larger. However, when the input power exceeds 10 mW, the difference of the amplification factors between CW and Modulated components becomes smaller. We find from in Fig. 2(a) that the CW amplification factorĀ reduces to 0 dB aroundP m = 10 mW . It means that the SOA reveals saturation for the amplification for larger input power than 10 mW due to reduction of the electron densityn down to the transparent electron density n g . Amplification for larger input power such as 100 mW, the gain coefficient becomes very small, resulting in smaller difference of the amplification factors between CW and Modulated components.
According to the frequency dependence of the amplification factor A M , the modulation index M i defined in (20) changes with f M as shown in Fig. 2(b) . If the input light is modulated with a pulsation shape in the intensity, the amplified pulse shows different shape from that of the input pulse. However, this type of reformation may not give degradation of the pulse shape, because the higher frequency component is amplified the more effectively than the lower frequency component.
Variations of the amplifications factors with input CW powerP in are shown in Fig. 3 , where (a) is for CW components and (b) is for modulated components. Solid lines in (b) are modulation with f M = 10 GHz and dotted lines are with f M = 100 MHz. Both amplification factors for the CW and modulated components are reduced with increase of the input power because of reduction of the gainḡ e with the electron density n. If the input optical powerP in exceeds the supported electrical power of ℏ ω m ×I, we can not realize the optical amplification any more.
Noise frequency spectrum for the RIN of the output light is given in Fig. 4 . Horizontal axis is the noise frequency f N . The RIN level of the input light is assumed to be RIN in = 1 × 10 −14 Hz −1 and is indicated with a chain line. The lower RIN is the better for usages. RIN profiles are not changed with the modulation frequency in range of f M = 100 kHz to 10 GHz. When the driving current I of the SOA and the input optical powerP in are large enough, RIN of the output light becomes lower than the RIN in in the lower frequency range than several 100 MHz as already reported in Refs. [17] and [18] . The reason of such improvement of RIN by optical amplification comes from the repulsion effect for noise amplification but not for the CW component as found from (21), (24) and (27). Since both the modulated light and the noise suffer the repulsion effect, the S/N ratio defined in (54) and (55) or (61) reveal rather complicated characteristics. Calculated examples of S/N spectrum are shown in Fig. 5 with various frequency f M of the modulation. The horizontal axis is the noise frequency f N . The higher S/N ratio is the better for the real usage. The S/N ratio of the input light is indicated with a chain line. The S/N spectrum is sensitively depend on the modulation frequency f M . When the modulation frequency f M and the driving current I are large enough, the S/N ratio in the low frequency region becomes higher than that of the input light, resulting in improvement of the S/N ratio by the optical amplification. However, when we measure the noise with same frequency with the modulation frequency f M = f N , the S/N ratio is degraded by the optical amplification. Variations of the S/N ratio with the input CW optical powerP in are shown in Fig. 6 under condition of f M = f N = 10 GHz. The S/N ratio of the input light is indicated with a chain line. The solids lines are S/N ratios when we detect total mode including the ASE modes, and the broken lines are those only for the signal mode which can be picked up by inserting an optical filter. The S/N ratio for the lower input power is much degraded even we use the optical filter.
Experimental Confirmation
Setup for the experimental measurements is illustrated in Fig. 7 . A semiconductor laser (LD) was used as a source of the input light and was modulated with a high frequency oscillator to support intensity modulation on the input light. The RIN level of the input light was fixed by the injection current to the LD, while the input power level to the SOA is adjusted by an optical attenuator (ATT). The CW, the modulated and the noise powers of the input light and the output light from the SOA were evaluated electrically through photo detectors (PD). Oscillation wavelength of the LD was 1545.6 nm, modulation index of the inputted optical signal was (M i ) in = 0.1. The driving current of the SOA was I = 50 mA and I = 70 mA.
Relation between the modulation frequency f M and the amplification factor is shown in Fig. 8 . Theoretically calcu- lated data are for the total modes including the ASE modes, because powers of the ASE modes are included in the experiment. The theoretically calculated and the experimentally measured data were well coincided. As seen in Fig. 8 , amplification factor of the modulated signal is smaller than that of the CW component. In addition, the amplification factor of the modulated light gradually increases with the modulation frequency f M . Figure 9 shows relations between the input CW power P in and the amplification factors. This figure also indicates good correspondences between the our theoretical analyses and the experiments. Both amplification factors for the CW and modulated components are reduced with increase of the input power, because the electron density in the SOA reduces with increasing of the input power. On the other hand, when input power is very low such asP in < 100 µW, the amplification factorsĀ of CW components reveal additionally larger values than the those of the modulated components. This additional enhancement comes from inclusion of the ASE powers, because the ASE powers are included in the CW components but are not in the modulated components.
Relation between the modulation frequency f M and the RIN at noise frequency f N = 100 MHz is shown in Fig.10 . As found from Fig. 10 , the RIN levels are almost constant for changing of the modulation frequency f M . When driving current of the SOA is raised up, RIN level of the output is reduced lower than that of the input light, resulting in improvement of the RIN by the optical amplification. This effect means that the repulsion effect affects not on the CW component but on the noise component.
Noise frequency spectrum for the RIN is shown in Fig. 11 , where (a) is theoretically calculated data, and (b) is experimentally measured data. When the driving current I of the SOA are large enough, RIN of the output light becomes lower than RIN of the input light in the lower frequency region.
Relations between the modulation frequency f M and the S/N ratio at noise frequency f N = 100 MHz is shown in Fig. 12 . When modulation frequency is same as the noise frequency f M = f N = 100 MHz, the S/N ratio of the output light is degraded from that of the input light. However, the S/N ratio of the output is gradually increased with the higher modulation frequency. The S/N ratio can be improved if the noise is measured with lower frequency than the modulation frequency as f M > f N . Figure 13 shows relations between the input CW power P in and the S/N ratio at f M = f N = 1 GHz. When we measure the noise with same frequency with the modulation frequency f M = f N , the S/N ratio is degraded by the optical amplification. We should note here that the S/N ratio sencitively vary not only with the input optical power, the modulation frequency, the noise freqeuncy and the driving current but also with the modulation index (M i ) in . Our theoretical analyses and experimental measurements are performed in the case of small modulation index to investigate basic property of the SOA. If modulation index is large enough, several characteristics may differ from our data as reported in Ref. [14] .
As found from these results, our theoretical calculation and postulation were well confirmed by the experimentally obtained data.
Conclusion
Characteristics of the amplification and the intensity noise in the SOA (semiconductor optical amplifier) which have no facet mirror for the intensity modulated light are theoret- ically analyzed and experimentally confirmed. The following peculiar characteristics of the SOA are revealed.
1. Amplification factor of the modulated signal is smaller than that of the CW component. In addition, the amplification ratio of the modulated signal gradually increases with the modulation frequency. 2. The RIN level of the output light is decided by the driving current or output optical power of the SOA. Therefore, RIN can be improved by the optical amplification. 3. The S/N ratio is degraded by the amplification when the noise is measured with almost the same frequency as the modulated signal. However, the S/N can be improved when the modulation frequency of the signal is high enough and the measuring frequency of the noise is low. 4. Above mentioned amplification characteristics are very unique only in the optical amplifier as has not been pointed out in conventional electronic amplifiers and other optical devices such as the semiconductor lasers.
